tion  284  (2012)  55-61 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Desalination 

journal  homepage:  www.elsevier.com/locate/desal 


Experimental  study  of  a  novel  portable  solar  still  by  utilizing  the  heatpipe  and 
thermoelectric  module 

N.  Rahbar,  J.A.  Esfahani  * 

Mechanical  Engineering  Department,  Ferdowsi  University  of  Mashhad,  Mashhad,  Iran 


ARTICLE 


INFO 


A 


B  S  T  R  A  C  T 


Article  history: 

Received  1  June  2011 

Received  in  revised  form  11  August  2011 

Accepted  21  August  2011 

Available  online  14  September  2011 


Keywords: 

Portable  solar  still 
Thermoelectric  cooling 


In  this  study,  an  attempt  has  been  made  to  design  a  new  type  portable  thermoelectric  solar  still  (PTSS).  In  the 
PTSS,  a  thermoelectric  module  is  used  to  improve  the  temperature  difference  between  evaporating  and  con¬ 
densing  zones.  Also,  a  heat-pipe  cooling  device  is  used  to  cool  down  the  hot  side  of  the  thermoelectric  cooler. 
To  evaluate  the  performance  of  the  PTSS,  the  equipment  was  tested  under  the  climatic  condition  of  Semnan 
(35°  33'  N,  53°  23'  E),  Iran.  The  experiments  were  carried  out  in  5  days.  The  measurement  of  solar  intensity, 
wind  velocity,  ambient  temperature,  water  production,  and  temperature  of  other  components,  for  example, 
thermoelectric  module,  water,  walls  and  heatpipe  was  done  in  the  same  manner  for  each  day.  The  results 
showed  that  ambient  temperature  and  solar  radiation  have  a  direct  effect  on  still  performance  but  there  is 
a  reduction  in  water  productivity  by  increasing  the  wind  speed.  The  results  also  showed  that  temperature 
of  thermoelectric  device  was  lower  than  that  of  walls  which  indicated  on  the  higher  production  of  water. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  the  last  40  years,  the  problem  of  freshwater  shortage  has  been 
one  of  the  main  challenges  in  the  world.  Potable  water  not  only  is  im¬ 
portant  for  life  but  also  for  industrial  and  agricultural  purposes.  Al¬ 
though  more  than  75%  of  the  earth  covered  with  water,  only  0.014% 
of  that  can  be  used  directly  for  the  human  being  and  other  organisms. 
On  the  other  hand,  sea  water  constitutes  97.5%  of  global  water,  so  it 
can  be  used  for  those  purposes  by  converting  it  to  distilled  water 
[1].  There  are  some  techniques  for  water  purification,  which  among 
them,  solar  water  distillations  is  an  attractive  subject.  Solar  energy 
is  abundant,  never  lasting,  pollution-free  and  available  on-site.  Solar 
stills  are  the  simplest  solar  distillation  units.  They  are  cheap  and 
need  low  maintenance  but,  most  of  them  suffer  from  their  low  pro¬ 
ductivity  [2],  Recently  many  attempts  have  been  made  either  for  set¬ 
ting  up  the  various  types  (simple  slope  [3],  weir-type  [4],  double 
slope  [5])  or  for  increasing  the  performance  and  productivity  of 
solar  stills  (using  fin  [6,7],  double  glass  cooling  [8],  air  motion  inside 
still  [9,10]  and  sandy  heat  reservoir  [11]). 

The  solar  distillation  systems  are  mainly  classified  into  two  cate¬ 
gories:  passive  and  active  solar  still.  In  passive  solar  stills,  solar  radia¬ 
tion  is  the  only  parameter  which  affects  on  evaporation,  but  in  active 
solar  stills  by  using  the  additional  device  such  as  fan  [10],  pump  [11], 
sun  tracking  system  [12]  or  solar  collectors  [13-15],  the  temperature 
difference  between  evaporating  and  condensing  area  is  increased, 
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and  consequently  enhancement  on  productivity  is  achieved.  Active 
solar  stills  also  can  use  waste  heat  of  other  processes  or  devices  to  im¬ 
prove  the  evaporation  rate  of  water.  Kumar  and  Tiwari  [16]  used  the 
thermal  energy  of  Photovoltaic  panel  to  heat  the  water  and  reported 
more  than  3.5  times  higher  efficiency  than  the  passive  solar  still. 

In  remote  area  or  arid  regions,  accessibility  to  fresh  water  is  a  big 
problem.  On  the  other  hand  in  most  arid  regions  solar  intensity  is 
high,  so,  solar  stills  can  be  used  to  solve  that  problem.  Usually  in 
those  situations,  there  is  a  need  to  have  a  transportable  solar  still. 
There  are  a  few  investigations  on  the  portable  solar  stills.  Basel  [17] 
made  a  transportable  hemispherical  solar  still  by  using  four  wheels 
to  make  it  transportable. 

The  main  problem  in  designing  a  portable  solar  still  is  the  reduc¬ 
tion  of  size  due  to  portability.  So  the  received  solar  radiation,  the 
size  of  condensing  and  evaporating  zones  and  consequently  the  pro¬ 
ductivity  and  efficiency  of  still  are  decreased.  In  a  study,  the  authors 
of  the  present  paper  used  thermoelectric  technology  to  overcome 
this  problem  [18],  In  that  work,  it  was  shown  that  an  enhancement 
in  productivity  was  achieved  by  using  the  thermoelectric  technology. 
The  maximum  efficiency  and  productivity  in  winter  days  were  13% 
and  1.2  L/m1 2,  respectively. 

The  thermoelectric  effect  was  first  discovered  by  a  German  phys¬ 
icist,  Seebeck,  in  1821.  He  observed  that,  in  a  closed  circuit  of  two 
dissimilar  metals,  when  the  two  junctions  were  maintained  at  differ¬ 
ent  temperatures,  an  electric  current  is  produced.  In  1834,  Jean  Pel- 
tier,  discovered  a  reverse  phenomenon  to  that  of  Seebeck.  He  found 
that  there  is  a  heating  or  cooling  of  a  junction  of  a  pair  of  dissimilar 
substance,  if  direct  current  is  passed  through  them.  In  1838,  Lenz,  a 
German  scientist  froze  and  melted  a  water  droplet  by  these  effects 
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which  led  to  the  concept  of  thermoelectric  refrigeration  [19],  Today, 
the  commercial  types  of  TECs  consist  of  P-type  and  N-type  blocks  of 
semiconductor  materials.  When  electrons  pass  through  P-type  to  N- 
type  semiconductors,  cooling  effect  occurs. 

Thermoelectric  coolers  (TECs)  have  no  moving  parts,  so,  they  have 
a  long  life.  They  are  noiseless,  simple,  compact  in  size,  easy  controlla¬ 
ble,  suitable  for  low  capacity  or  case  in  which  the  energy  cost  is  not 
the  main  consideration.  These  equipments  can  operate  in  any  posi¬ 
tion,  and  they  have  no  any  leakage  problems.  TECs  can  efficiently 
work  with  photovoltaic  panels  due  to  the  low-voltage  requirement, 
and  they  can  accept  a  power  supply  directly  from  PV  panel.  Because 
the  performance  of  Peltier  devices  is  almost  independent  of  its  capac¬ 
ity,  they  have  definite  advantages  for  cooling  small  enclosures.  So 
many  manufacturers  use  them  for  cooling  cold  boxes  especially 
when  the  power  source  is  12  V.  The  thermoelectric  devices  are  also 
insensitive  to  movement,  so  they  are  attractive  for  use  in  portable  de¬ 
vices  [19-21], 

Effective  heat  removal  from  the  hot  side  of  a  thermoelectric  mod¬ 
ule  is  extremely  important  for  any  thermoelectric  cooling  device.  It 
may  possible  to  have  a  low  temperature  on  the  cold  side  of  the  ther¬ 
moelectric  module  [22],  if  the  rate  of  the  heat  removal  from  the  hot 
side  is  increased.  Usually  a  combination  of  fan  and  heat  sink  was 
used  to  cool  down  the  hot  side  of  the  thermoelectric  module,  but  to 
have  a  good  heat  transfer  between  heat  sink  and  air  flow,  the  surface 
of  the  heat  sink  is  chosen  much  larger  than  the  surface  area  of  TEC 
modules.  As  a  result,  those  fins  located  on  the  edge  of  the  base  plate 
are  not  efficient.  Choosing  a  suitable  heat  sink  is  also  difficult  because 
there  is  no  simple  analytical  solution  for  general  finned  heat  sink 
problems  and  numerical  methods  are  usually  applied  [23],  Some 
studies  have  been  made  to  replace  the  heat  sinks  with  the  other  de¬ 
vices  and  overcome  this  problem.  Vian  and  Astrain  [22]  reported 
the  36.5%  improvement  of  COP  in  thermoelectric  refrigerators  by 
using  a  combination  of  phase  change  material  (PCM)  and  a  thermosy¬ 
phon  cooler.  In  another  work,  they  reported  66%  improvement  of  COP 
by  using  two-phase  thermosyphon  instead  of  heat  sink  [24],  The 
same  results  were  also  reported  by  Riffat  et  al.  [25], 

In  the  present  paper,  by  using  the  conclusions  mentioned  in  the  pre¬ 
vious  researches,  a  commercial  heatpipe  was  used  for  cooling  down  the 
hot  side  of  the  thermoelectric  module.  The  daily  performance  under 


Fig.  2.  Photograph  of  the  portable  thermoelectric  solar  still. 


Semnan  (35°  33'  N,  53°  23'  E)  climate  condition  was  also  evaluated, 
and  life  cost  analysis  was  done  to  calculate  the  cost  of  water 
productivity. 

2.  Experimental  setup 

Due  to  the  portability  of  solar  still,  all  walls  were  made  of  6  mm  Plex¬ 
iglas.  A  schematic  diagram  and  a  photograph  of  the  still  are  shown  in 
Fig.  1  and  Fig.  2.  The  bottom  side  of  the  solar  still  is  a  black  Plexiglas  to 
absorb  the  maximum  solar  radiation.  The  condensing  zone  consists  of 
an  inclined  and  a  horizontal  region.  The  inclined  region  has  the  same 
material  and  the  same  thickness  as  walls,  and  it  is  positioned  at  the 


Fig.  1.  A  schematic  diagram  of  the  portable  thermoelectric  : 
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Table  1 

Accuracies,  ranges  and  standard  uncertainty  of  measuring  instruments. 


1  Kipp-Zonen  solarimeter 

2  Anemometer 
Temperature  (type  K) 

3  Volume  meter 


Accuracy  Range  Standard 

uncertainty 

1  w  m~2  0-5000  w  m-2  0.6  wm~2 

0.1  ms-1  0.4-30  ms-1  0.06  ms  1 

0.1  °C  -100-1300  "C  0.06  °C 

0.2  mL  0-5  mL  0.115  mL 


angle  of  40°.  In  the  horizontal  roof  region,  there  is  an  aluminum 
plate  cooled  with  a  thermoelectric  module.  The  aluminum  plate  has 
13x26  cm2  area  and  thermal  silicon  paste  was  used  to  connect  it  to 
the  cold  side  of  the  thermoelectric  cooler.  The  condensed  water  collect¬ 
ed  on  the  aluminum  plate  dropped  on  the  inclined  surface  and  con¬ 
ducted  to  a  collecting  channel  below  the  inclined  surface.  The 
collecting  plate  was  made  of  transparent  Plexiglas,  so  it  may  not  affect 
on  the  solar  intensity.  Also,  because,  all  walls  are  transparent  and  they 
haven’t  got  any  insulation,  some  other  collecting  channels  are  posi¬ 
tioned  on  the  vertical  walls  for  collecting  the  condensed  water. 

The  model  of  thermoelectric  module  is  TEC1 -12708  which  is  man¬ 
ufactured  by  HB  Corporation.  The  thermoelectric  cooler  is  also  cooled 
with  a  commercial  heatpipe,  “CoolerMaster  hyper  Z600R”  which  is 
shown  in  Fig.  2.  The  size  of  the  contacting  areas  between  the  heatpipe 
and  the  thermoelectric  module  is  the  same.  The  contacting  areas  are 
also  covered  with  the  thermal  silicon  paste  to  improve  the  rate  of 
heat  transfer  between  them.  Also,  a  1.9-Watt  fan  was  used  to  cool 
down  the  heatpipe  and  to  have  the  ability  of  working  with  PV- 
panels,  a  12  V  DC  power  source  was  chosen  to  drive  the  fan  and  ther¬ 
moelectric  cooler. 

At  the  start  of  every  experiment,  the  evaporating  zone  (which  has 
the  area  of  40x30  cm2)  was  filled  with  raw  water.  The  bottom  of  the 
evaporating  zone  was  made  of  the  black-color  Plexiglas  to  absorb  the 
maximum  solar  radiation. 


avoid  the  effect  of  water  depth  on  the  still  productivity  [26-30],  the 
volume  of  water  at  the  beginning  of  experiments  kept  constant  at 
3  L.  Also  for  scale  preventing,  the  still  was  cleaned  before  every  exper¬ 
iment.  During  these  periods,  the  climatically  conditions  such  as  solar 
radiation,  ambient  temperature,  wind  velocity,  and  thermal  operating 
conditions  such  as  temperature  of  condensing  area,  temperature  of 
water,  temperature  of  two  sides  of  thermoelectric  cooler  and  produc¬ 
tivity  were  measured.  Also,  the  local  mean  daily  ambient  temperature 
and  mean  daily  wind  velocity  were  inquired  from  the  Semnan  mete¬ 
orological  station. 

4.  Theoretical  consideration 


4.1.  Solar  still  efficiency 

The  ratio  of  the  energy  used  for  water  production  to  the  total  solar 
radiation  rate  is  the  instantaneous  efficiency  of  a  solar  still  qit  and  it  is 
given  by  [1]: 


where 


(2) 


The  solar  still  daily  efficiency,  r)d,  is  also  calculated  from  the  fol¬ 
lowing  equation  [29]: 


_  ^KLev 
ld  3600 E(HA„) 


(3) 


4.2.  Life  cost  analysis 


3.  Experimental  procedure 

To  evaluate  the  performance  of  solar  still,  the  setup  was  tested 
under  the  climatic  condition  of  Semnan  (35°  33'  N,  53°  23'  E),  Iran. 
A  typical  summer  day  and  five  autumn  days  (2  of  August  and  5-9  of 
December  2010)  were  chosen  to  collect  the  experimental  data.  The 
experiments  were  carried  out  every  day  from  9  a.m.  to  4  p.m.,  and 
in  all  experiments  the  solar  still  is  positioned  toward  the  south.  To 


Economic  analysis  of  water  desalination  unit  is  given  by  Fath  et  al. 
[31],  Kumar  and  Tiwari  [32]  and  Kabeel  et  al.  [33],  If  P  is  the  capital 
cost  of  the  system,  i  is  the  interest  rate  (12%  in  Iran)  of  lending 
banks,  n  is  the  life  of  the  system  (10  years)  and  CRF  is  the  capital  re¬ 
covery  factor,  the  first  annual  cost  of  the  system  FAC  can  be  deter¬ 
mined  by  [33,34]: 


ta+i) 

(l  ,-lV-l 


(4) 


Fig.  3.  Variation  of  daily  productivity  and 


radiation  during  5  days  of  experiments. 


FAC  =  P(CRF) 


(5)  The  total  annual  cost  of  the  system  can  be  calculated  by: 


The  salvage  value  of  the  system  S  usually  was  considered  as  20%  of 
the  cost  of  usable  materials  which  were  saved  even  after  the  life  of 
system  is  over. 

S  =  0.2P  (6) 

The  first  annual  salvage  value  (ASV)  of  the  system  can  be  calculat- 


AC  =  FAC  +  AMC—ASV 

Finally  if  M  is  the  average  annual  productivity,  the 
(CPL)  of  the  water  production  can  be  determined  by: 


ASV  =  (SSF)S 


(7)  4.3.  Uncertainty  analyses 


(10) 
per  liter 


(11) 


where  SSF  is  sinking  fund  factor  and  can  be  calculated  by: 


Every  system  requires  some  maintenance  and  annual  mainte¬ 
nance  cost  and  AMC  is  considered  as  15%  of  FAC: 

AMC  =  0.15(FAC)  (9) 


In  this  research,  all  measurands  are  supposed  to  be  distributed 
uniformly  and  so  their  uncertainty  is  of  the  Type  B.  In  this  case  the 
standard  uncertainty  is  expressed  as  [35,36]: 

u  =  Q/v3  (12) 

The  uncertainties  associated  with  the  experimental  facilities  are 
shown  in  Table  1. 


;  5  days  of. 
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Fig.  6.  The  daily  efficiency  versus  climatic  conditions  during  the  period  of  experiments. 


When  y  depends  on  an  arbitrary  number  of  input  quantities  x„ 
then  the  uncertainty  ofy  is  calculated  by  [35,37]: 


«(y) 


(13) 


Therefore  the  uncertainty  for  daily  efficiency  can  be  calculated  by: 


(14) 


The  maximum  uncertainty  for  daily  efficiency  calculated  from 
Eq.  (14)  is  0.04%. 

5.  Results  and  discussion 


Climate  conditions  can  affect  on  the  still  productivity  [38],  Fig.  3 
shows  the  daily  productivity  and  daily  solar  radiation  during  5  days 
between  5  and  9  of  December  2010.  It  is  concluded  that  productivity 


of  the  still  is  directly  proportional  to  daily  solar  radiation.  Fig.  4  and 
Fig.  5  show  the  effect  of  mean  daily  ambient  temperature  and  mean 
daily  wind  velocity  on  the  still  productivity.  It  was  concluded  that 
when  the  ambient  temperature  increases,  the  productivity  is  also  in¬ 
creased,  but  the  wind  velocity  has  an  inverse  effect  on  the  still  pro¬ 
ductivity.  Increasing  in  wind  velocity,  increases  the  rate  of  heat 
transfer  and  this  lowers  the  temperature  of  water  [18],  In  the  fourth 
day  and  the  fifth  day,  there  is  a  high  ambient  temperature  but,  due 
to  the  low  solar  intensity,  the  productivity  decreased.  At  the  other 
hand,  in  a  high  ambient  temperature  the  cooling  effect  of  the  heat- 
pipe  is  decreased,  and  this  is  another  result  of  the  low  productivity. 

Fig.  6  shows  the  variation  of  daily  efficiency  calculated  from 
Eq.  (3),  daily  solar  radiation,  mean  daily  wind  velocity  and  mean 
daily  ambient  temperature.  Except  the  last  day,  the  trend  of  daily  ef¬ 
ficiency  was  directly  similar  to  the  trend  of  solar  intensity  and  ambi¬ 
ent  temperature.  In  the  last  day,  the  productivity  remained  constant, 
but  due  to  increasing  solar  intensity,  the  efficiency  decreased. 

Fig.  7  shows  the  temperature  variation  of  the  still  components 
during  the  last  day  of  experiments.  It  is  seen  that  the  temperature 
of  thermoelectric  cold  surface  was  lower  than  that  of  the  inclined 


Fig.  7.  Temperature  variation  of  the  still  components. 
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Fig.  8.  The  hourly  variation  of  climatic  conditions  and 


efficiency  in  a  typical  day  (8/2/2010). 


wall.  Because  increasing  of  the  temperature  difference  between  the 
water  and  the  condensing  area  leads  to  a  better  efficiency  and  better 
production  [13],  it  can  be  concluded  that  by  using  the  combination  of 
heatpipe  and  thermoelectric  module  it  is  possible  to  increase  the  pro¬ 
ductivity  of  the  still.  The  maximum  temperature  difference  between 
water-wall  and  between  water-thermoelectric  was  9  °C  and  34  °C, 
respectively. 

At  the  beginning  of  the  day,  there  is  a  small  temperature  difference 
between  the  water  and  inclined  wall,  so  no  distillations  on  the  inclined 
surface  were  happened.  However  from  Fig.  7  it  is  concluded  that  there 
is  always  a  high-temperature  difference  between  water  and  thermo¬ 
electric  cooler  (about  28  °C).  So  even  at  the  beginning  of  experiments 
it  can  be  possible  to  have  the  water  productivity.  The  temperatures  of 
inside  and  outside  of  the  inclined  wall  are  also  shown  in  Fig.  7.  It  was 
found  that,  there  is  a  temperature  difference  between  the  inside  and 
the  outside  of  the  condensing  area  which  is  consistent  with  the  results 
of  literature  [29,39],  Another  result  of  Fig.  7  is  the  temperature  differ¬ 
ence  between  the  outside  of  thermoelectric  module  and  the  outside  of 
inclined  wall.  This  is  because  of  the  existence  of  force  convection  pro¬ 
duced  by  the  fan  of  heatpipe.  Fig.  8  shows  the  hourly  variation  of  radi¬ 
ation,  ambient  temperature,  productivity  and  instantaneous  efficiency 
in  a  typical  day  (8/2/1020).  It  can  be  observed  that  the  instantaneous 
efficiency  increases  with  time.  After  4  p.m.,  there  is  a  sudden  increas¬ 
ing  in  the  efficiency.  This  is  because  of  decreasing  in  solar  intensity 
while  the  productivity  remains  constant  due  to  heat  capacity  of 
water  and  the  reduction  of  ambient  temperature. 


about  181$.  The  main  parts  of  the  cost  are  for  the  Plexiglas  container 
and  the  heatpipe  cooler.  Table  2  provides  the  amount  of  salvage  value 
for  different  parts  of  the  thermoelectric  solar  still.  Table  3  provides 
the  results  of  cost  analysis  on  thermoelectric  solar  still  supposed 
that  average  annual  yield  of  fresh  water  was  180  L/m2.  Table  4  pro¬ 
vides  a  comparison  between  the  present  and  other  type  of  solar  still 
reported  in  literature  [18,33],  Results  show  that  this  type  has  a  com¬ 
parable  productive  cost  compare  with  others. 


7.  Conclusion 

In  this  work,  a  novel  portable  thermoelectric  solar  still  was  designed, 
fabricated  and  experimentally  tested  during  five  autumn  days  under 
the  outdoor  climatic  condition.  Based  on  the  results  obtained  from  the 
experimental  work,  the  following  can  be  concluded: 

•  The  maximum  daily  efficiency  of  the  still  in  the  period  of  experi¬ 
ments  is  7% 

•  The  daily  productivity  is  directly  proportional  to  solar  radiation  and 
ambient  temperature,  but  wind  velocity  has  an  inverse  effect  on 
productivity 

•  The  temperature  of  the  cold  side  of  thermoelectric  module  was  ap¬ 
parently  lower  than  wall  temperature.  So  by  using  thermoelectric 
module,  higher  temperature  difference  is  achieved 

•  By  combination  of  heatpipe  and  thermoelectric  cooler,  it  is  possible 
to  increase  the  productivity  of  PTSS 


6.  Cost  analysis 

Typically  in  designing  a  solar  still,  maintaining  the  lowest  cost  is 
the  main  object.  Cost  estimation  for  different  components  used  in 
the  present  work  is  given  in  Table  2.  The  cost  of  production  was 


Table  2 

Cost  of  fabricated  solar  still  in  the  present  work. 

Unit  Cost  of  present  solar  still  $ 

Plexiglas  container  60 

Power  12  V  23 

Heatpipe  70 

Thermoelectric  cooler  9 

DC  fan  15 

Thermal  silicon  paste  4 

Total  cost  181 


12 

5 

50 


76 


The  aim  of  this  work  was  to  study  the  feasibility  of  using  the  heat¬ 
pipe  as  a  cooling  device  of  the  thermoelectric  modules  in  the  portable 
solar  stills.  There  are  some  suggestions  for  further  works  in  this  field: 

1.  Using  the  insulated  Plexiglas  walls  around  the  basin  to  reduce  the 
water  heat  loss. 

2.  Using  the  double  sloped  type  solar  still  and  eliminating  the  collect¬ 
ing  plate  to  enhance  the  motion  of  humid  air  around  the  aluminum 
plate. 

3.  Using  PCM  materials  or  black  Rubbers  as  heat  absorption  medium 
to  enhance  water  production  on  night. 


Table  3 

Cost  analysis  of  thermoelectric  solar  still. 

Interest  rate  %  M  L/m2  CRF  FAC  SSF  AS V  AMC  AC  CPL  $/L/m2 

12  180  0.177  32  0.057  4.332  4.S 


32.5  0.18 
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Table  4 

Comparison  between  different  type  of  solar  still. 


Type  M  CPL 

L/m2  $/L/m2 


Pyramid  shape  1533  0.031 

Sun  tracking  250  0.23 

Previous  work  [IS]  730  0.13 

Single  slope  1511  0.035 

Transportable  hemispherical  1026  0.18 

A  weir  type  1001  0.054 

PTSS  (this  research)  180  0.18 


Nomenclature 

QeV  The  evaporative  heat  transfer  (W) 
rhev  Distilled  water  production  rate  (Kg/s) 

Ab  The  still  base  area  (m2) 

H  solar  radiation  fall  upon  the  still  and  collector  surface 

(W/m2) 

L  The  latent  heat  of  the  water  (J/kg) 

CRF  Capital  recovery  factor 

FAC  Fixed  annual  cost  ($) 

SSF  Sinking  fund  factor 

ASV  Annual  salvage  value  ($) 

M  Average  annual  productivity  (L) 

AC  Annual  cost  ($) 

AMC  Annual  maintenance  operational  cost  ($) 

CPL  Cost  per  liter  ($/L) 

i  Interest  rate  (%) 

S  Salvage  value  ($) 

n  life  of  the  system  (years) 

P  Capital  cost  ($) 

a  The  accuracy  of  the  instrument 

u  The  standard  uncertainty 


Greek  symbols 

r)d  Daily  efficiency 

Tji  Instantaneous  efficiency 


Subscripts 
b  Basin 

d  Daily 

i  Instantaneous 
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